Eye development in insects is best understood in Drosophila melanogaster, but little is known for other holometabolous insects. Combining a morphological with a gene expression analysis, we investigated eye development in the honeybee, putting emphasis on the sex-specific differences in eye size. Optic lobe development starts from an optic lobe anlage in the larval brain, which sequentially gives rise to the lobula, medulla, and lamina. The lamina differentiates in the last larval instar, when it receives optic nerve projections from the developing retina. The expression analysis focused on seven genes important for Drosophila eye development: eyes absent, sine oculis, embryonic lethal abnormal vision, minibrain, small optic lobes, epidermal growth factor receptor, and roughest. All except small optic lobes were more highly expressed in third-instar drone larvae, but then, in the fourth and fifth instar, their expression was sex-specifically modulated, showing shifts in temporal dynamics. The clearest differences were seen for small optic lobes, which is highly expressed in the developing eye of workers, and minibrain and roughest, which showed a strong expression peak coinciding with retina differentiation. A microarray analysis for optic lobe/retina complexes revealed the differential expression of several metabolism-related genes, as well as of two micro-RNAs. While we could not see major morphological differences in the developing eye structures before the pupal stage, the expression differences observed for the seven candidate genes and in the transcriptional microarray profiles indicate that molecular signatures underlying Conflicts of interest: The authors declare that there is no conflict of interest that could be perceived as prejudicial to the impartiality of the reported research.
INTRODUCTION
Sexual selection theory predicts that sex-specific morphological traits impose a certain cost to the bearer, generally the male sex in systems with female choice (Darwin, 1871; Anderson '94) . Consequently, evolutionary trends in species where males face intense competition from rival males over access to reproductive females may promote exaggerated secondary sexual morphologies. In holometabolous insects, evolutionary trends, ecological constraints, and developmental mechanisms underlying exaggerated sex-specific morphologies are currently best studied in dung beetles, which use horns on different parts of the head and prothorax to defend valuable reproductive resources (Emlen, '97; Emlen et al., 2005; Moczek, 2007; Moczek and Rose, 2009; SnellRood et al., 2011) .
Another striking example of sex-related differences is the visual system in the honeybee, Apis mellifera, where the compound eyes of males (drones) cover nearly 50% of the total head surface. Each compound eye of a drone is composed of over 10,000 ommatidia, whereas ommatidial numbers in the two female castes (queens and workers) have mean values around 5,000 (Ribi et al., '89; Streinzer et al., 2013) . This twofold difference in ommatidial number, respectively, eye size, is a trait shared by all extant Apis species (Streinzer et al., 2013) . The difference in eye size between the sexes of the honeybees (Apini) is also striking and exceptional when compared to the other three tribes within the clade of corbiculate bees, the nonsocial/colonial orchid bees (Euglossini), the primitively eusocial bumble bees (Bombini), and the highly eusocial stingless bees (Meliponini). While very little is known about compound eye structure in orchid bees, a recent study comparing compound eye size in females (queens and workers) and males of 11 bumble bee species showed that males of four species had a 30-40% larger relative eye surface than females (Streinzer and Spaethe, 2014) . Also in a stingless bee, Scaptotrigona postica depilis (Scaptotrigona aff. depilis), compound eyes of males were 15% larger in length and 30% wider (Ribi et al., '89) . So there seems to be a trend within the corbiculate bees toward larger compound eyes in the male sex, but it is only in the honeybees that male compound eyes are exaggeratedly large.
Apparently, the large eye size characterizing honeybee drones is directly related to their mating biology. Mating occurs high above ground, frequently in drone aggregation areas, where hundreds of drones originating from different colonies await the arrival of a virgin queen (Baudry et al., '98; Koeniger, 2000, 2005; Schlüns et al., 2005) . This should put considerable selection pressure on the acuity of the visual system, as a drone has to identify a small black spot as an approaching queen, and then quickly approach it at the correct angle for mating. Morphologically, this is reflected in an inhomogeneous distribution of ommatidial diameters across the drone compound eye, with smallest ommatidial angles, and thus highest spatial resolution, concentrated in the dorsolateral region (Van Praagh et al., '80; Ribi et al., '89; Streinzer et al., 2013) . Also, the three visual pigment-associated opsins are differentially expressed along the vertical axis of the retina of drones, but are homogeneously distributed in workers (Velarde et al., 2005) .
The overall size, as well as this morphological specialization within the drone compound eye, stands in contrast with those of the female castes. The queen, which spends most of her life inside the colony, has a high demand on the visual system during two occasions only, her mating flight(s) early in adult life, and later, during swarming, as part of the colony reproductive process, or when absconding with the colony to evade unfavorable local environmental conditions. Surprisingly so, the queen's eye size barely differs from that of workers (Streinzer et al., 2013) , which need to detect and identify flowers and navigate during their foraging flights. While the differences in demands on visual system functions in the honeybee sexes and castes are well understood, especially so in workers (for review, see Srinivasan, 2010) , hardly anything is known on the developmental processes that shape the optic lobes and retinae of honeybees. In fact, this is the case not only for the honeybee but for the majority of insects, as most of our knowledge on eye development comes from and largely relies on Drosophila developmental genetics (Moses, 2002) .
In Drosophila, precursors cells form placode-like thickenings on the posterior-lateral sides of the embryonic head ectoderm. These invaginate and merge with the embryonic brain to form the embryonic optic lobes. This occurs concomitantly with the separation of another set of head ectodermal cells that will form the eye-antennal imaginal disks (Meinertzhagen and Hanson, '93; Campos-Ortega and Hartenstein, '97; Friedrich, 2006a,b) . At the beginning of metamorphosis in the third (last) larval instar, a series of patterning events eventually transforms these imaginal disks into the adult compound eyes and antennae, respectively (Wolff and Ready, '93) . A remarkable event herein is the appearance of a morphogenetic furrow, which sweeps the eye disk in posterior-anterior direction and triggers the sequential differentiation of the eight photoreceptor and their companion cells in each ommatidium. Two aspects are, thus, crucial in the dynamics of eye development: (i) cell proliferation driven by a complex gene regulatory network (GRN) for the differentiation of the different cell types (cone cells, photoreceptor cells, and primary and secondary pigment cells) forming the highly ordered hexagonal ommatidial structures (Friedrich, 2006a,b; , Amore and Casares, 2010; Aguilar-Hidalgo et al., 2013) , and (ii) the connection of the retinal ommatidia with the developing ganglia in the underlying optic lobes (Gaul and Cutforth, '97) .
Notwithstanding the heuristic importance of Drosophila developmental genetics, the morphogenetic processes in insect eye development are varied and, especially so, in most insect orders the adult compound eye structures do not originate from embryonic imaginal disks, as is the case in the highly derived cyclorrhaphan dipterans (e.g., drosophilids). Rather, adult eye development in most orders involves differentiation processes occurring in the larval head epidermis. In the tobacco hornworm, Manduca sexta, for instance, the adult retina originates from so-called late larval imaginal disks (MacWhinnie et al., 2005; Truman and Riddiford, '99) within the already fully differentiated head epidermis (Monsma and Booker, '96a, b) . Also in the sunburst diving beetle, Thermonectus marmoratus, the larval optic lobe neuropils degenerate and are substituted by adult ones, while the larval stemmata are reduced to dark pigmented areas in the adult compound eye (Sbita et al., 2007) . In the red flour beetle, Tribolium castaneum, which is becoming a model organism for insect developmental biology, the adult retinal visual system also develops within an eye field on the larval head, adjacent to larval stemmata (Friedrich et al., '96) . Nonetheless, despite the morphological differences regarding the relationships in and between the larval/adult visual systems, the sequential stages from eye field determination to compound eye specification and ommatidial cell type determination are driven by evolutionarily ancient and conserved GRNs shared across Hexapoda (Friedrich, 2006a,b) .
In the order Hymenoptera, which is now established as the basalmost clade of the Holometabola (Misof et al., 2014; Peters et al., 2014) , the larvae generally do not have functional visual system structures, except for the most basal sawflies (Symphyta: Tenthredinidae), which have free-living and feeding larvae. The transition to a parasitoid life style of the larvae in the parasitic wood wasps (Symphyta: Orussidae) may have led to the loss of a functional larval visual system, and this is also a conserved character state in the ancestral (parasitic) Apocrita. Hence, the adult compound eyes in the majority of hymenopterans should arise directly from bilateral, placode-like head epidermal thickenings that cover the optic lobe anlagen in the larval head, as is already long known for honeybees (Nelson, '24; Philips, '05) . In more general terms, the lack of larval eyes in the more derived Symphyta and in all the Apocrita may actually be interpreted not only as a consequence of a parasitic life style, but also as an extreme state within the general trend of larval eye reduction in holometabolous insects, as formulated in the transient arrest model for the evolution of their biphasic visual system from a hemimetabolan ancestor (Friedrich 2006b (Friedrich , 2011 Truman and Riddiford, '99) .
In a remarkable study toward understanding the cellular differentiation events within the developing compound eye of the honeybee, Eisen and Youssef ('80) traced the cellular arrangement processes using ultrastructure analysis. They found preommatidial clusters in retinae of third to fourth-instar larvae, and these clusters were forming in a posterior to anterior wave resembling that of the passage of the morphogenetic furrow in the Drosophila eye disk. Progressive differentiation into cone and photoreceptor (retinula) cells, including the appearance of rhabdomeric structures, was seen in these clusters during the last, fifth larval instar. After pupal ecdysis, the retinal structures started to elongate and visual and shading pigment granules became gradually more abundant, which is consistent with the gradual general pigmentation of the compound eye (Varela and Porter, '69) . Thus, Eisen and Youssef ('80) described in great detail the cellular events occurring in the retina of the developing honeybee eye. Nonetheless, hardly anything is known about the developmental integration of the retina with the underlying optic lobe ganglia, the lobula, medulla, and lamina, and we considered that understanding the integrated development of these two components should be crucial to explain the dramatic sex-specific size differences in the compound eyes of honeybees.
The sex determination pathway in the honeybee is now well understood and serves as a model for hymenopteran haplodiploid sex determination. The complementary sex determiner gene (csd) acts as a primary switch (Beye et al., 2003) driving the sex-specific alternative splicing cascade of feminizer (fem) and then of doublesex (dsx) (Hasselmann et al., 2008) . The alternative splicing of fem in early embryonic development is exceptionally critical, as it affects all sex-related behavioral and morphological traits (Gempe et al., 2009) , including eye size. Nonetheless, there is still ample room for developmental plasticity, especially so in the female sex, where queens and workers differ in a variety of morphological, anatomical, and life history traits (for reviews, see Hartfelder and Engels, '98; Winston, '87) , including overall eye size and ommatidial numbers, when scaled to body size (Streinzer et al., 2013) .
Hence, to gain insights into the molecular and cellular dynamics of compound eye development in honeybee drones and workers, we performed a histological analysis on optic lobe and retina development in drone and worker honeybees during the larval and pupal stages. Furthermore, we combined this with an expression analysis of several candidate genes that are crucial to eye development in Drosophila melanogaster, and a microarray comparison of transcriptional profiles. For the study, we selected seven genes belonging to three major functional groups governing eye development in fruit flies: (i) eyes absent (eya) and sine oculis (so), both of which are part of a retinal determination GRN (Pignoni et al., '97; Callaerts et al., 2006; Friedrich, 2006a,b) ; (ii) embryonic lethal abnormal vision (elav), minibrain (mnb), and small optic lobes (sol), which are involved in neural fate determination and neurogenesis (Robinow and White, '88; Delaney et al., '91; Tejedor et al., '95) ; and (iii) epidermal growth factor receptor (egfr) and roughest (rst), as factors regulating cell proliferation and programmed cell death (PCD) in the eye. The EGFR/Ras/Raf cascade not only drives mitotic events in the eye-antennal disk of third instar Drosophila larvae but also plays a role in specifying the postmitotic fate of photoreceptor cells (Freemann, '96; Yang and Baker, 2001; Friedrich, 2006b ). The locus roughest (rst), also known as roughest-irregular chiasm C (rst-irreC), is an important signaling component of the visual system, relevant for the correct projection of retinal axon bundles onto the optic ganglia and the correct differentiation of the retina (Boschert et al, '90; Wolff and Ready, '91; Ramos et al, '93; Schneider et al, '95; Araujo et al., 2003) . In the microarray analysis, we compared the global gene expression patterns of drone and worker optic lobe/retina complexes in spinning stage last instar larvae, as in this stage several of the candidate genes turned out to be differentially expressed.
MATERIALS AND METHODS

Bees
Worker larvae and pupae of controlled age were obtained from Africanized hybrid honeybee colonies kept in the Experimental Apiary of the Department of Genetics of the University of São Paulo in Ribeirão Preto. After confining the queen on a brood frame during 12 hr, the cells were marked, and the larvae and pupae were removed once they reached the desired developmental stage, according to the criteria of Michelette and Soares ('93) . For obtaining drones, colonies received an extra supply of bee bread (a paste of ground pollen mixed with 50% sugar syrup) to stimulate the construction of drone cells. Subsequently, the queen was confined for egg-laying on a drone brood frame, so that drone brood of the desired developmental stages could be collected. The developmental stages comprised the third larval instar (L3), the fourth instar (L4), and nine sequential substages of the fifth instar (L5), three in the larval feeding stage (F1-F3), three in the cocoon-spinning stage (S1-S3), and three in the prepupal stage (PP1-PP3). For the histological analysis, early (white-eyed) and mid (red-eyed) pupae were processed in addition to newly emerged adult drones and workers.
Histological Analysis
Larval head capsules were dissected and fixed in Bouin's solution (saturated picric acid, 35% formaldehyde, and acetic acid, 15:5:1) for 4 hr at room temperature. Pupal head capsules and those of newly emerged adults were opened on the rear to facilitate penetration of the fixative. After fixation, excess Bouins solution was removed by repeated washes in phosphate buffered saline, followed by dehydration in a graded ethanol series, clearing in benzene/ethanol 1:1 and pure benzene before embedding in paraffin. Serial sections of 8 μm were mounted on albumincoated slides, dewaxed in xylene, and, after rehydration, stained for 2 min in a hematoxylin/eosin solution. The slides were analyzed on an Axiovert (Zeiss, Germany) microscope equipped with a Nikon DX1200 camera. Images were processed with ACT-1 software (Nikon V 2.63, Japan).
Annotation of Honeybee Orthologs to Fly Candidate Genes and Primer Design
The protein sequences of the Drosophila genes egfr, elav, eya, mnb, rst, so, and sol were used as queries for BLASTP searches in the Hymenoptera Genomes database (http://hymenopteragenome.org/beebase/). The coding sequences were extracted and used as entries for mutual best-hit sequences in BLASTN searches against the nonredundant GenBank database. Table S1 (in the Supporting Information) shows the Drosophila gene names, the BeeBase (Amel 4.5, OGSv3.2) and GenBank IDs, and the primer sequences for the honeybee genes used in the quantitative PCR analyses. The primers were designed using Primer3 software (Rozen and Skaletsky, 2000) and the Primer-BLAST tool at NCBI.
Primer specificity was tested by amplification from firststrand cDNA samples in a PTC-100 thermocycler (MJ Research, St. Bruno, Quebec, Canada). The amplicons were purified with a GFX PCR DNA and Gel Band Purification kit (GE-Healthcare Life Sciences, Pittsburgh, PA, USA) and cloned into pGEM Teasy (Promega, Madison, WI, USA) vector for transformation of chemocompetent Escherichia coli DH5α cells. The cloned fragments were excised using EcoR1 restriction enzyme and amplified using a Big Dye Cycle Sequencing Terminator Kit v3.1 (Applied Biosystems, Foster City, CA, USA) and M13 universal primers. Sequencing was done in an ABI310 automatic sequencer (Applied Biosystems). The results were submitted to BLAST analysis against the honeybee genome in GenBank, and the specificity of the amplification products was confirmed.
Quantitative Real-Time PCR Optic lobe, retina, and central brain complexes of 15-30 larvae were dissected for each biological sample, thus generating three biological replicates for each developmental stage of the two sexes. RNA was extracted using a TRIzol reagent (Invitrogen, Carlsbad, CA, Canada) protocol that included the addition of 5 μg of glycogen to each sample to improve pellet
formation. RNA purity and quantity was checked by spectrophotometry (Nanovue, GE Healthcare Life Sciences). First-strand cDNA synthesis was done using 5 μg of each RNA sample in a reaction catalyzed by SuperScript-II reverse transcriptase (Life Technologies, Carlsbad, CA, USA) and Oligo(dT) 12-18 primer (Life Technologies).
Transcript levels of the target genes were quantified by realtime PCR. The mRNA levels of two genes, a cytoplasmatic actin (Official Gene Set 3.2 GB59480) and the ribosomal protein 49 gene (rp49) (GenBank AF441189) were quantified for sample normalization. Both have previously been validated as suitable control genes for quantitative real-time PCR (RT-qPCR) assays in honeybees (Lourenço et al., 2008) . [Note that rp49 has been renamed to rp123 in the honeybee genome version Amel4.5; the two names refer to the same gene (AF441189).] For each target gene, a 1:10 diluted cDNA aliquot was amplified in a 15-μL volume containing 1× SYBR Green PCR Master Mix (Life Technologies) and 2 pmol of each primer. RT-qPCR reactions were performed in a 7500 Real-Time PCR System (Applied Biosystems) with the following protocol: 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Each of the biological samples was run as three technical replicates. After each PCR run, a dissociation curve analysis was done to check product specificity. Relative expression values were calculated by the comparative 2 − CT method (Livak and Schmittgen, 2001 ). The standardization was calculated according to Willems et al. (2008) , always using the CT value of one of the third larval instar (L3) cDNA samples.
Microarray Analysis
Total RNA was extracted from optic lobe/retina complexes of fifth-instar spinning stage (S2) drone and worker larvae using the TRIzol protocol described above. This developmental stage was chosen based on the candidate gene expression profiles and the histological analysis results. The RNA pellets dissolved in diethyl pyrocarbonate (DEPC)-treated water were further purified using the RNA Cleanup kit (RNeasy Mini Kit, Qiagen, Hilden, Germany) before 2 μg of each total RNA was then used for amplification with the Amino Allyl MessageAmp TM II aRNA Amplification Kit (Ambion, Foster City, CA, USA), following the manufacturer's instructions. For preparation of the probes, 11 μg of amplified amino allyl RNA of the drone and worker optic lobe/retina complexes were subsequently labeled with Cy3 or Cy5 dyes (CY Dye Post-Labeling Reactive Dye Pack, GE Healthcare Life Sciences) for a dye-swap hybridization design.
Mutual sets of Cy3/Cy5 labeled probes were hybridized to honeybee whole-genome oligonucleotide microarrays acquired from the Functional Genomics Unit of the W.M. Keck Center at the University of Illinois at Urbana-Champaign. The slide design is available at http://www.biotech.uiuc.edu/functionalgenomics. The microarray hybridization process followed the basic protocol described by Moda et al. (2013) .
The scan results of the microarrays were analyzed using the Limma package of Bioconductor software (Gentleman et al., 2004) implemented in R (R Development Core Team, 2011) version 2.13.2 for Mac (http://www.R-project.org). Differential expression was assessed through an empirical Bayes method using a linear model (http://www.bioconductor.org). Since the experiment was done in a duplicate design for slide and spot analysis, the analysis procedure of was followed. Dye colors were normalized (Smyth and Speed, 2003) , and background corrections were done (Ritchie et al., 2007) .
Differential expression analysis was conducted considering drones as the test group and workers as controls. Following the Limma package procedures, a table of differentially expressed genes (DEGs) was created using a log2-fold change higher or lower than 1 as cutoff. Functional analysis for enrichment in Gene Ontology Biological Process terms was performed using the webtool g:GOSt implemented in g:Profiler (http://biit.cs.ut.ee/gprofiler/) (Reimand et al., 2011) .
RESULTS
Morphogenesis of the Honeybee Optic Lobe Ganglia and the Retina
We started the morphogenetic analyses with third-instar larvae, as these rendered the earliest possible material appropriate for reproducible histological preparations of the head structures. At the beginning of the third larval instar, a horseshoe-like optic lobe anlage (OLA) could be seen laterally in each hemisphere of the larval brain of drones and workers (Fig. 1A) . The OLA appears to consist of a single neuroectodermal layer. The overlying head capsule epidermis already showed a slight thickening, indicative of a retinal placode forming in this region.
In the fourth larval instar of both sexes, the placode-like epithelial structure of the future retina became more prominent and the border between the retinal placode and the adjacent head epidermis gained a more pronounced appearance (Fig. 1B) . In the OLA, the appearance of a fold was indicative of the formation of the first and innermost optic ganglion, the lobula. From this stage on, the lobula became separated from the remainder of the OLA by a narrow neuropil.
At the beginning of the fifth instar, when the larvae are still intensively feeding, the optic lobes undergo considerable growth. A hallmark of this stage is that the lobula and medulla now became visible as two distinct optic ganglia, separated by the inner (second) optic chiasma (Figs. 1C and D) . Furthermore, the future lamina emerged as an upfolding in the outer OLA, which gradually reaches the upper edge of the medulla in the early cocoon-spinning phase of both drones and workers.
In contrast to the optic lobe, relatively little developmental progress was seen in the overall morphology of the retinal placode of fifth-instar feeding and early cocoon-spinning larvae. Cross section through the head capsule of an L5 feeding phase 2 (F2) drone larva; (D) is a magnified view of (C). Paraffin sections were stained with hematoxylin/eosin. Abbreviations: B, central brain neuropil; CA, corpus allatum; IOC, inner optic chiasma; Me, medulla; Lo, lobula; La, lamina; Oe, esophagus; OLA, optic lobe anlage; RE, prospective retina epithelium; SOG, subesophageal ganglion. Scale bars represent 100 μm.
This changed during the later cocoon-spinning stage, as there was now clear evidence for ongoing differentiation in the retina, resulting in the appearance of distinct ommatidial units and of optic nerve fibers projecting from the retinula cells toward the developing lamina ( Figs. 2A and B) . During this phase, the lamina now came to fully cover the medulla and the two started to become separated by a neuropil, supposedly resulting from the differentiation of neurons in the early lamina cortex that send their axons to the medulla, thus forming the future outer (first) optic chiasma ( Figs. 2A and B) .
The fifth instar ends with the larvae entering the prepupal stage, a stage characterized by profound metamorphic change, such as the appearance of pupal head structures and a constriction separating the thorax and abdomen. During this stage, the pupal cuticle is synthesized underneath the apolysed larval cuticle, which gives certain epidermal structures a wrinkled appearance. Such wrinkling was clearly apparent in the retinae of drone and worker prepupae (Figs. 2C and D) .
Upon completing the pupal molt, the wrinkled retinae of the prepupae had expanded into a smooth, yet still relatively thin layer of ommatidial elements, separated from the underlying optic lobe ganglia by a thick layer of fat body cells, through which the various optic nerve fibers projected toward the lamina (Figs. 3A and B) . The difference in eye size between the sexes was now fully established, with the compound eyes covering practically the entire lateral head capsule of a drone (Fig. 3C) . As pupal development proceeded, the retina became pigmented and the ommatidia appeared elongated. The lamina was now completely formed as a thin layer covering the medulla. This was accompanied by a shortening and thickening of the optic nerve fibers and the displacement of fat body cells from this space. Internally, this difference in eye size is primarily reflected in the extension of the lamina, but not nearly as much in the sizes of the medulla or lobula, as seen in horizontal sections of the head of newly emerged honeybee drones and workers (Figs. 3D and E) .
So as to summarize and facilitate the understanding of the differentiation processes that transform the retina and optic lobe primordia into retinal ommatidial units on the one hand and a tripartite sequence of optical ganglia on the other, we prepared a schematic representation from our histological data (Fig. 4) . Starting from a simple retinal placoid and OLA in each head hemisphere of third and fourth instar larvae, the retinal placode thickened and the inner optic ganglion, the lobula, became distinct from the upfolding outer OLA shortly after the larvae had molted into the fifth instar. Later in this instar, once the larvae had stopped feeding and initiated the metamorphosis process, Figure 3 . Maturation process of the visual system in honeybee drone and worker pupae and its final architecture in newly emerged adults. (A and B) Frontal sections through the head capsules of early (white-eyed) drone (A) and worker (B) pupae; the arrow indicates an optic nerve projecting from the retina to the lamina, crossing a space filled with hemolymph and fat body cells. (C) Frontal section presenting a full view of the extension of the visual system in a red-eyed drone pupa; note that the retina covers the major part of each head capsule hemisphere, extending up to the dorsal midline and down to the mandibles. (D and E) Horizontal sections showing left hemispheres of the brain and visual system of an adult drone (D) and an adult worker (E); note the extended hexagonal ommatidial units became visible in the retina layer, as well as optic nerve projections toward the lamina. Three distinct optical ganglia could now be observed, separated by the outer and inner optic chiasmata.
While the data reported here give an overall picture of the developmental dynamics within the visual system of male and female honeybees, they do not touch on local cell differentiation events, as revealed in the ultrastructure study on worker retina development by Eisen and Youssef ('80) . Nonetheless, it places in evidence that there are no major differences in the events ongoing in the developing visual system of drone versus worker larvae. Rather, the major difference between the sexes appears to lie in the size of the area that the future retina occupies on the lateral head capsule. Another aspect worthy of note is the concerted development of the retina with the lamina during the last larval instar, especially in the spinning phase, when optical nerve fibers could be seen reaching the lamina. In the fruit fly, the arrival of these retinal optic nerve fibers is of importance for the differentiation of the optic lobe ganglia, especially for the lamina (Fischbach and Technau, '84; Selleck and Steller, '91; Kunes et al., '93; Meinertzhagen and Hanson, '93; Huang et al., '98) .
Candidate Gene Expression Analysis
Relative transcript abundances for the seven candidate genes during compound eye development in honeybee drones and workers are shown in Figure 5 . For eya and so, which are integral parts of the retinal gene transcription factor (RGTF) complex, we observed a steep and then more gradual increase in transcript levels in worker larvae from the third instar (L3) to the end of the fifth-instar feeding phase (F3) (Fig. 5A) . Drones did not show such a steep increase from L3 to L4, as the expression of these genes started out at already higher levels compared to workers, and then fluctuated around a mean level throughout most of the developmental period studied herein. For both genes, clear differences between workers and drones were observed only in the L3 stage and at the entry into metamorphosis (early cocoon-spinning stage S1).
For the three genes that we grouped as related to neurogenesis and neural fate determination (elav, mnb, and sol), the most striking differences in transcript levels were observed for sol (Fig. 5B ). This gene was higher expressed in worker larvae, differing from drones by nearly four orders of magnitude throughout the entire larval stage, and only in late prepupae, shortly before the pupal molt, the expression levels dropped, approximating lamina in the optic lobe of drones; yellow and red arrows point to the outer and inner optic chiasmata, respectively. Paraffin sections were stained with hematoxylin/eosin. Abbreviations: Me medulla; La lamina; Lo lobula; RE, retina. Scale bars represent 100 μm. . Schematic representation of the differentiation processes in the retina and optic lobe anlagen of honeybee larvae. In third and early fourth instar larvae, an OLA sits at the outer side of each central brain (B) hemisphere. Overlying each OLA is a slightly thickened, placoid-like retinal epithelium. Late in the fourth and especially so in the early fifth instar, the retinal epithelium layer thickens and becomes clearly distinct from the head epithelium. In the OLA, the inner ganglionic layer, the lobula (Lo), now appears distinct and separated from the outer optic primordium. In late fifth-instar larvae, ommatidial units (Om) become visible in the retina, with their optic nerves (On) projecting toward the lamina (La). The lobula is now separated from the medulla (Me) by the inner optic chiasma (IOC) and from the overlying lamina by the workers to drones. For mnb, two clear expression peaks were evident for workers, one at the transition to the larval spinning phase (F3/S1) and the other at the end of this phase (S3). In drones, it was only in the third larval instar that mnb expression was higher than in workers. Subsequently, throughout most of the fifth instar, mnb transcript levels were lower than in workers, except for the prepupal stage, during which drones showed an expression peak similar to that seen in workers eye development.
For the two genes related to growth regulation and programmed cell death, egfr and rst, we saw major differences between the sexes primarily for rst (Fig. 5C ). In third-instar larvae of workers, rst transcript levels were lower than in drones, but these then rose steeply in fifth-instar worker larvae, exhibiting two distinct expression peaks, one in the feeding stage (F2) and the other in the spinning phase (S2). A minor expression peak in the feeding phase was also seen in drones (F2), aligning rather well in timing with that seen in workers. A second expression peak for rst in drone larvae was then seen in the early prepupal phase, exactly when rst expression in workers had dropped to a minimal level. With respect to the temporal dynamics of egfr expression, which was actually quite similar to that seen for eya and so (Fig. 5A) , there was not much evidence for a difference between drones and workers, except for significantly lower starting levels in L3 and a drop in transcript levels in the spinning phase of workers (S2).
As already mentioned, a general observation for five of these seven candidate genes was that their expression levels in optic lobe/retina complexes were consistently lower in third-instar worker larvae than in drones. The only exception was sol, which was higher expressed in worker larvae throughout the entire third, fourth, and fifth larval instar. A second general observation was that in drones the expression levels of all seven genes appeared decreased toward the end of the prepupal stage, whereas in workers this was the case only for sol.
Microarray Analysis
For this analysis of global gene expression, we set the focus on the larval spinning stage, as it was in this stage that several of the previously analyzed candidate genes showed either an expression peak or an expression valley, and frequently so, with opposite directionality in the two sexes. The statistical analysis of drone versus worker transcripts represented in retina/optic lobe complexes generated a set of DEGs shown in Table S2 (in the Supporting Information). Differential expression results are represented as log2 fold change values, with positive values representing genes that are more highly expressed in the developing outer optic chiasma (OOC). Since the differences in visual system development between the two sexes are only minor in the stages considered here, we unified the findings for workers and drones.
visual system of drones whereas those with negative values are higher expressed in workers.
The first conclusion that can be drawn from this table is that the number of DEGs revealed as differentially (more highly) expressed in retina/optic lobe development in the two sexes (38 in drones and 52 in workers) was of the same order of magnitude. Furthermore, the percentage of predicted genes without any functional annotation (uncharacterized LOC) was also quite similar in the two sets (10.5% and 15.4%, respectively). Nonetheless, after running a gene ontology (GO) analysis on biological processes categories, the differences were quite striking (Table 1 and Tables S3 and S4 in the Supporting Information). First of all, the overall number of DEGs associated with all the six principal function categories was more than twice as high (68 vs. 27) in the DEGs that are more highly expressed in workers compared to the DEGs higher expressed in drones. This difference is primarily due to the respective numbers of genes related to metabolism, homeostasis, and the localization and transport category.
Without going into detail for all the genes listed in Table S2 in the Supporting Information, we considered a few as worthy of note. A gene encoding a chemosensory protein was found more highly expressed in drones (CSP3 GeneID 406094). This protein has serine/threonine activity and is classified as a pheromone-binding protein. Another interesting gene was retinophilin (GeneID 409816), which is annotated as a cellular component of the rhabdomere. Its higher expression in drones is likely associated with the higher number of serial units composing the large compound eyes of drones. Two transcripts with regulatory functions were also expressed at higher levels in drones, both being micro-RNAs.
Among the set of genes that are more highly expressed in workers, two are directly related to eye and nervous system development and function. One encodes a nephrin-like (GeneID 552513) protein. Nephrins are part of the immunoglobulin superfamily, which includes the kin of irre, roughest, sticks and stones, and hibris genes. This family is regulated by Notch signaling and is markedly involved in Drosophila eye development (Carthew, 2007) . The second gene with nervous system-specific functions is macoilin-like (GeneID 412398), which encodes a membrane protein of the endoplasmic reticulum (Arellano-Carbajal et al., 2011) . A third gene worthy of attention is annotated as takeoutlike (GeneID 412768). Takeout is known as a juvenile hormone (JH)-binding protein associated with age-related behavior in adult honeybees (Hagai et al., 2007) .
DISCUSSION
The honeybee is an interesting model to investigate aspects of component integration in the development of the adult visual system, because the adult optic lobe and retina in each hemisphere develop from a retina placode in the larval head epidermis and from an optic lobe primordium, and this occurs in the complete absence of a larva-specific visual system. The lack of a larva-specific visual system in the suborder Apocrita of Hymenoptera represents an extreme state within the general trend of larval eye reduction in holometabolous insects (Friedrich, 2006b (Friedrich, , 2011 . Apocrita comprises the parasitic wasps (Parasitica) as well as bees, wasps. and ants (Aculeata). In contrast, the larvae of other holometabolous insects have stemmata, as in Manduca sexta (Allee et al., 2006; Monsma and Booker, '96a,b) , the sunburst diving beetle (Sbita et al., 2007) , the red flour beetle, Tribolium castaneum (Friedrich et al., '96) or, as in Drosophila melanogaster, a highly modified larval photoreceptor system, the Bolwig's organ (Meinertzhagen and Hansson, '93) . While the absence of a larva-specific visual system in the honeybee could, on the one hand, facilitate the understanding on how the development of the two separate entities, the optical lobe ganglia and the retina, is integrated, the drastic differences in size of the adult male and female visual systems should, on the other hand, allow us to address questions on how size is established in the respective morphogenetic fields.
Morphological Dynamics of Compound Eye Development in Honeybee Drones and Workers
In the histological analysis, we covered not only the larval but also pupal stages, so as to show how the compound eye structures that were set up during larval development and the larvalpupal molt, eventually differentiate into functional adult compound eyes. To facilitate the understanding here, we separate the discussion of the developmental events into those associated with the optic ganglia and those related to retina development.
The Optic Lobe Ganglia. In third-instar honeybee larvae, we identified a horseshoe-like neuroectodermal layer covering each lateral protocerebral hemisphere as the structure that will eventually give rise to the three optic lobe ganglia. Accordingly, we named it the OLA of the honeybee brain (Figs. 1A and 4) . Based on position, it is similar to the combined inner and outer optic primordia of D. melanogaster (Meinertzhagen and Hanson, '93) , but it appears to be much simpler in its topology, as there are no optic stalk neurons passing through. Like in Drosophila, the third-instar honeybee OLA is a neuroepithelial sheet probably consisting of neuroblasts, as we could see no gross morphology evidence for neuronal differentiation.
The first evidence for neuronal differentiation became visible in OLAs of fourth-instar bee larvae, where a lobula precursor gradually became separated from the remainder of the OLA, which would now correspond to an outer optic primordium, as also seen in Manduca sexta (Allee et al., 2006; Monsma and Booker, '96a,b) . In fourth-instar worker larvae, the lobula complex appeared as a distinct group of strongly stained cells, connected to the outer optic primordium via a neuropil, which could represent the inner optic chiasma (Fig. 1B) . Following the separation of the OLA into an inner and outer optic primordium, the outer one became apparent as a bilayer, reminiscent of the two-layered medulla complex of Drosophila (Meinertzhagen and Hanson, '93) .
In the last, fifth-larval instar, the honeybee optic lobe gradually acquired the adult architecture. The lobula was now clearly separated from the medulla, and the medulla appeared as a more compact and narrow neuropil layer (Figs. 1C and 4) , sandwiched between the thicker inner and the much thinner outer medullar layer, thus resembling the Drosophila medullar cortex. The major developmental change in this stage, however, occurred in the lamina, which arises as an upfolding from the inferior portion of the medulla in the early fifth larval instar (Figs. 1C and D) .
In the cocoon-spinning and prepupal stages, the upfolding lamina gradually overlaid the medullar cortex (Figs. 2 and 4) , and optic nerve fibres arising from the retina were seen to reach the lamina (Figs. 2A and B) . In this stage, a slight difference in rate and timing of cell division and cell death in eye development has been reported for workers and drones, with cell death being less frequent and cell divisions extending for a longer period in drones (Roat and Landim, 2010) .
After completing the pupal molt, the overall optic lobe architecture was completely established (Fig. 3) , consisting of a lamina and medulla superposed as concentric disks over the underlying lobula. The three ganglia are clearly separated by the inner and outer optic chiasmata, and the lamina is connected with the retina via a layer of incoming optic nerve fibers. Varela ('70) described three types of axons connecting the honeybee retina to the underlying two outer neuropils: short retinal axons that arrive on top of the lamina, long laminar axons that project to the inferior part of the lamina, and long axons that directly reach the medulla (Ribi, '79; Varela, '70) .
The Retina. The retina of the insect visual system is a regular lattice of highly organized ommatidial units arising from a much simpler larval epidermal layer that overlies the optic lobe ganglia. The morphogenetic retina field can be discerned already in third-instar larvae as a placode-like thickened epidermal pad positionally adjacent to the underlying OLA in the lateral larval brain (Figs. 1A and 4) . At present, it is not clear how the size of this field is defined, but the higher expression levels seen in third-instar drone larvae for six of the seven candidate genes studied herein (Fig. 5) suggest that drones may have a head start in this respect (see also the discussion below).
The transition from a simple epithelial monolayer to a complex ommatidial layer composed of hexagonal functional units became manifest with the transition to the metamorphic stage in the fifth instar, beginning with the spinning stage and continuing throughout the prepupal stage. Already in the spinning stage, hexagonally structured ommatidia were evident in the retina layer, and the retinula cells within these emitted axons fasciculated into serial optic nerve fibers projecting toward the lamina ( Figs. 2A and B and 4) . The wrinkled appearance of the retina in the subsequent prepupal stages is likely a result of the spatial limits for pupal head structures within the larval head capsule, as already within hours after the pupal molt, the retina had turned into an expanded layer of ommatidia covering most of the pupal head circumference of red-eyed drone pupae (Fig. 3C) .
Overall, from the histological data we can infer that the honeybee adult visual system develops from a horseshoe-like OLA overlying the lateral larval protocerebrum, and from a placodelike structure in the head epidermis. These components give rise to the optic lobe ganglia and the retina, respectively. As these two primordia are not previously interconnected via neurons of a larval visual system, the apparent simplicity makes this an attractive system for studies on visual system development in holometabolous insects, especially considering that Hymenoptera are now placed as the basalmost clade within the Holometabola (Misof et al., 2014; Peters et al., 2014) .
Molecular Aspects of Sex-Specific Eye Development
Candidate Gene Expression. The molecular network underlying compound eye development is best understood in D. melanogaster and, consequently, our interpretation of the candidate gene expression patterns largely draws on this knowledge. In Drosophila, the retina morphogenetic field is determined in the embryo by the expression of the Pax6 homolog eyeless (ey) and its partner twin of eyeless (toy) (for reviews, see Callaerts et al., 2006; Friedrich, 2006a,b) . These two selector genes control the expression of a set of three genes, eya, so, and dachshund (dac) which compose the RGTF complex (Desplan, '97; Pignoni et al., '97; Callaerts et al., 2006; Friedrich, 2006a,b) . In the RGTF, Eya and So build a positive feedback loop (Desplan, '97) that is key to the response to growth regulatory pathways and which drives the downstream GRN of compound eye formation (Friedrich, 2006a, b) .
In third-instar honeybee optic lobe/retina complexes, the eya and so orthologs were at least one order of magnitude higher expressed in drones than in workers (Fig. 5A) , indicating a transcriptional head start for retina field determination in the head ectoderm (see also discussion above). Subsequently, in the last larval instar, both genes showed a modulated expression with two minor expression peaks which aligned fairly well in their temporal patterns, especially so in drones. The concomitant changes in eya and so transcript levels seen throughout the fourth and most of the fifth larval instar are in accordance with their coordinate functions in the Drosophila retinal development GRN (for reviews, see Callaerts et al., 2006; Friedrich, 2006a,b) . Nonetheless, we noted that during the second half of the last larval instar the peak in eya transcript levels of drones was delayed until the prepupal stage, whereas in workers it occurred already in spinning-stage larvae.
The three candidate genes related to neurogenesis and neural cell fate determination, elav, mnb, and sol, were included in this study because of their key roles in general aspects of neurogenesis. In Drosophila, the pan-neuronal RNA-binding protein Elav is expressed ubiquitously in the embryonic, larval, and adult nervous systems, and it is turned on as neuroblasts stop dividing and enter the neural differentiation process (Robinow and White, '88) . The minibrain kinase and its mammalian homolog Dyrk1a play important roles in regulating neuroblast proliferation. In Drosophila mnb mutants, the size of the optic lobes, but not of the central brain, is strongly reduced (Tejedor et al., '95) , making this a gene of interest for the current study on eye size differences in the two sexes of the honeybee. Furthermore, recent results point toward a role of the mnb/dyrk1a gene in food intake in Drosophila, which is mediated via FOXO activity (Hong et al., 2012) . Since honeybee larvae, especially queens and workers but also drones, are reared under sex and caste-specific nutritional regimes, this link between nutrient sensing pathways and determination of caste and sex-related characters is of particular interest (Hartfelder et al., 2015) . The hypothesis that the larger size of the optic lobes of adult drones may be related to their higher levels of mnb expression was, however, only consistent for the third but not for the fifth larval instar, because throughout the latter, mnb transcript levels were mostly higher in workers (Fig. 5B) .
Finally, a striking inconsistency with our hypothesis was denoted for sol, which was three to four orders of magnitude higher expressed in worker optic lobe/retina complexes throughout all larval stages studied, and it was only shortly before pupal ecdysis that sol expression declined in workers to a level close to that seen in drones (Fig. 5B) . The sol gene encodes a cysteine peptidase that belongs to peptidase family C2 in the MEROPS database. In Drosophila, it encodes calpain D, one of the fly's four calpain genes (Friedrich et al., 2004) . In Drosophila mutants for sol, the primary effect is on the size of the medulla, lobula, and lobula plate (Delaney et al., '91) , but not so much on the lamina, which is the structure that most differs in size between the honeybee sexes. Hence, we have currently no concrete hypothesis on the functional meaning of the drastically higher expression of sol in the optic lobe/retinae of worker larvae.
The last two candidate genes considered herein were egfr and rst. With respect to egfr expression, it is worthy of note that, compared to the other candidate genes in optic lobe/retina development studied here, EGFR signaling certainly represents the pathway with the highest level of connectivity and pleiotropy for controlling growth, proliferation, survival, and differentiation of cells in metazoans (Oda et al., 2005) . It is well studied in the fruit fly (for review, see Shilo, 2003) , where it is involved in a plethora of developmental processes. With respect to visual system development in the fruit fly, the EGFR protein and its pathway generate a mitogenic, as well as a differentiation signal for cell fate in postmitotic retina cells (Freeman, '96; Domínguez et al., '98; Yang and Baker, 2001) , and in this context, EGFR signaling is interpreted as enhancing the eye specification activity of eya function (Friedrich, 2006a) .
Interestingly, the EGFR signaling pathway was implicated in promoting queen development in honeybees, as well as augmented body size in D. melanogaster (Kamakura, 2011) . Strikingly, however, whole body egfr expression levels were found to be unexpectedly higher in worker larvae than in queens (Hartfelder et al., 2015) . With respect to egfr expression in optic ganglia/retina complexes of honeybee larvae, we found here that the egfr transcript levels were only augmented in third-instar drone larvae, and then fluctuated around similar levels in the two sexes throughout the remainder of larval development (Fig.  5C ). Furthermore, they were also strikingly similar to the expression profiles of eya and so, suggesting a possible functional connection of these two RGTF complex genes with the EGFR pathway. The only other difference between drones and workers was seen in the early spinning phase, when egfr expression transiently dropped by a factor of 10. Interestingly, this drop in egfr expression coincided with a major peak in rst expression.
Roughest protein, also known as irregular chiasm-C, or irre-C, is required in at least two independent contexts of visual system development in Drosophila: the removal of surplus cells surrounding the central ommatidial elements and the directioning of axonal projections from the retina to the underlying optic lobe ganglia (Ramos et al., '93) . When comparing rst transcript levels during honeybee drone and worker development, we found an expression peak for both sexes in the feeding phase of the fifth instar (Fig. 5C ). The second expression peak in this instar, however, appeared to be shifted from the spinning phase (in workers) to the early prepupal phase (in drones). Furthermore, except for the third larval instar and the early prepupal phase, rst transcript levels were much higher in workers in comparison to drones.
Even though the apparent temporal shift in rst transcript abundance between the two sexes was not notably reflected in the timing of the appearance of ommatidial arrangements, the rst expression peak in the spinning phase may be related to the timing of the arrival of retinal axons in the lamina. Immunodetection of the roughest protein in Drosophila showed an intense signal in the eye disk and in the outer optic anlage (Schneider et al., '95) , which corresponds to the lamina in A. mellifera. These results are, thus, suggestive of a conserved role for the roughest gene in establishing normal axonal projections of visual neurons (Boschert et al., '90; Schneider et al., '95) in two major orders among the holometablous insects.
With respect to retina development, a major role for the roughest protein is convincingly shown for Drosophila only, where the loss of function of irre-C-rst leads to the failure of PCD and persistence of surplus cells in the retina, causing a rough-eye aspect (Wolff and Ready, '91; Ramos et al., '93; Araujo et al., 2003; Machado et al., 2011) . Malformation in the honeybee retina and pigmentation defects have, so far, only been documented as a consequence of experimentally manipulated juvenile hormone levels (Boleli et al., 2001 ), but these treatments were done in prepupa and analyzed later in pupae, whereas our analysis on rst transcript abundance comprised a much earlier developmental period. Here we found that rst expression is sex specifically modulated, possibly as a late consequence of the sex determination pathway.
Microarray Results. For this analysis, we selected a single time point, the larval spinning phase, as this was the stage where the expression levels of several candidate genes differed between the two sexes (Fig. 5) . Furthermore, it was in this stage that the connectivity between the retina and the optic lobe ganglia, became established (Figs. 2 and 4) . When analyzing the set of 90 DEGs (Table S2 in the Supporting Information) with respect to biological process GO categories, we found enrichment for genes related to metabolism, homeostasis, and localization and transport processes in the developing visual system of workers (Table 1 , with further details in Tables S3 and S4 in the Supporting Information). Many of these 90 DEGs are structural genes of the cytoskeleton or metabolic enzymes. Among the latter, a short chain dehydrogenase/reductase (GeneID LOC406147, GB54419) is worthy of note due to its prior occurrence in differential gene expression screens done on honeybee queen/worker development (Hepperle and Hartfelder, 2001; Humann and Hartfelder, 2011) , and for its transcriptional regulation by ecdysone (Guidugli et al., 2004) .
Among the genes of reported specific association with insect compound eye development, we already mentioned a nephrinlike gene, which belongs to a family that includes kin of irre, roughest, sticks and stones, and hibris. These genes play important roles in Drosophila eye development (Ramos et al., '93: Mlodzik, '99; Fischbach et al., 2009; Bao, 2014) . In honeybee eye development, the differential expression of this nephrin-like gene might be related to a longer and delayed maturation of the optic lobe and compound eye. This would also be in line with the delay seen in the expression of the roughest gene in the drone eye (Fig. 5C) .
Two other genes of regulatory function, the micro-RNAs miR-2-1 (ame-mir-2-1; GeneID 732505) and miR9a (ame-miR-9a; GeneID 732512), were more highly expressed in drone optic lobe/retina complexes. With an occurrence in many invertebrate genomes, miR-2-1 is known to regulate cell survival by translational repression of proapoptotic factors (Leaman et al. 2005) , and computational predictions for miR-2-1 suggest a role in neural development and maintenance (Weaver et al, 2007) . A recent finding for the cockroach Blattella germanica furthermore implies a miR-2 binding site in the JH response gene kr-h1 with the regulation of metamorphosis in hemimetabolous insects (Lozano et al., 2015) . The second micro-RNA, miR-9a, belongs to a gene family that is implied in the regulation neuronal differentiation of vertebrates (Coolen et al., 2013) . Both miR2-1 and miR9a may, thus be important elements in determining the number and timing of ommatidial development in the retinae of female versus the male honeybees, possibly maintaining a larger number of cells in an undifferentiated state in drones. Together with the nephrins mentioned above, the two micro-RNAs may thus be components of a honeybee eye development GRN. Strikingly, the sol gene did not appear in the list of DEGs in the microarray analysis, even though the real-time PCR assays had shown drastic expression differences for drones versus workers (Fig. 5B) . One possible explanation is that the oligo spotted for this gene may have been chosen from the conserved CysPC domain of the A. mellifera SOL/Calpain D homolog, thus hybridizing with transcripts from one or more of the other three honeybee calpain genes. Since this is not very likely due to the atypical domain structure of Calpain D (Friedrich et al., 2004) , an alternative explanation would be that our drone versus worker microarray analysis was done based on single pooled samples of optic lobe/retina complexes for each sex in a dye swap design. Although each sample was composed of at least 30 tissue complexes, the low number of biological repetitions may be an issue. Notwithstanding, the use of two different strategies to assess differential gene expression, a hypothesis-driven relative quantification of candidate gene transcript levels and a nonhypothesis based microarray analysis, provided novel insights into molecular signatures underlying the developing of the honeybee visual system.
Conclusions
With respect to morphogenetic processes, drones and workers showed very similar dynamics in the formation of the optic lobe ganglia and of the ommatidia in the retina. In fact, it was only in the pupal stage that dimension differences in the retina and lamina became clearly apparent. Nonetheless, a morphogenetic event that deserves attention is the appearance of ommatidial cartridges and of optic nerves that project from these cartridges to the underlying lamina. This occurs in the cocoon-spinning phase of the last larval instar and marks the first physical connection between the two visual system components. Incoming retinal axons can be considered as a trigger for controlled mitotic divisions of precursors cells in the outer optic anlage, accompanied by PCD in the medulla and lamina, as seen in D. melanogaster (Fischbach and Technau, '84; Selleck and Steller, '91; Kunes et al., '93; Huang et al., '98) , in M. sexta (Monsma and Booker, '96a, b) , and also in honeybees (Roat and Landim, 2010) . The in-depth ultrastructure analyses on honeybee eye development done by Varela ('70) and Ribi ('79) also correlated the maturation of the lamina with the arrival of retinal axons.
Concomitant with the morphogenetic changes in optic lobe/retina development seen in the cocoon-spinning stages of honeybee drones and workers, we observed characteristic expression peaks for some of the candidate genes studied herein. In terms of functional implications, the difference in rst expression levels between the two sexes is probably one of the most striking and important ones, as rst expression is higher by three orders of magnitude in the visual system components of early spinning-stage (S1/S2) worker larvae, but then the pattern inverts to a 20-fold higher expression in early prepupal drones. Roughest, which is part of the irre cell recognition module (Fischbach et al., 2009) , may actually be connected with the higher expression of five of the candidate genes in third-instar drone larvae. This could create the molecular scenario underlying early enhanced growth of the OLA and retina placoid, as well as the possible delay of the maturation process for the optic lobe/retina complex later on, in spinning-stage drones. Supporting the hypothesis of a delay in the differentiation process in the drone visual system are the lower transcript levels for rst and for the possibly related nephrin-like gene in drones, and the higher expression of the two regulatory elements miR-2-1 and miR-9a, identified in the microarray analysis. We propose that these differences in transcript levels may represent molecular signatures of possibly heterochronic processes in the optic lobes and retinae, which may delay cellular differentiation in drones, thus leading to a larger number of cells in their compound eyes.
